Abstract-This paper describes a method for evaluating the performance of antennas for land mobile radio (LMR) in terms of "bottom line" system performance metrics including sensitivity, VSWR, and transmit efficiency. The method accounts for relevant characteristics of the transceiver and the noise environment. The antenna-transceiver interface is modeled in terms of twoport -parameters, facilitating evaluation of reconfigurable and non-Foster matching circuits. As an example, the method is applied to a simple system consisting of an ideal thin quarterwave (at 453 MHz) monopole, 17 ft of RG-58 coaxial cable, and a TIA-603-compliant analog FM transceiver. Among other findings, this example demonstrates that that the useful transmit and receive bandwidths are not necessarily equal, and that the useful receive bandwidth is limited not only by the antenna's impedance bandwidth, but also by receiver's noise figure, and possibly also by environmental noise. Such insights are useful in the development and optimization of antenna technology intended for use with existing LMR systems.
I. INTRODUCTION
"Land mobile radio" (LMR) refers to half-duplex wireless communications, typically in the frequency range 25-1000 MHz, in which at least one end of the link (a "station") is mobile; typically a handheld or vehicle-mounted transceiver. Each station can be viewed as consisting of (1) an antenna; (2) a transceiver, consisting of a transmitter and a receiver; and (3) an interface, consisting of cable and perhaps other devices, connecting the antenna to the transceiver. When receiving, the primary performance consideration is sensitivity; i.e., the signal-to-noise ratio realized as a function of available signal power. When transmitting, the primary performance considerations are efficiency; i.e., the fraction of power available from the transceiver that is successfully radiated by the antenna; and voltage standing wave ratio (VSWR), a measure of the extent to which power sourced by the transceiver is undesirably reflected back into the transceiver.
Traditionally, LMR antennas are characterized in terms of directivity (e.g., horizon gain or sometimes "mean effective gain") and feedpoint VSWR for some nominal impedance. This makes rigorous assessment of system-level performance difficult, especially when performance over large bandwidths or over multiple frequency bands is of interest. A rigorous method is desired for evaluating the "bottom line" systemlevel impact of antenna enhancements, so as to be able to compare the cost-benefit tradeoff with respect to other possible approaches to improving system performance, such as improving transceiver noise figure (improving sensitivity), increasing transmit power, or improving tolerance to high VSWR conditions (facilitating the use of electrically-small antennas). Such methodology is particularly useful when considering the efficacy of emerging technology such as reconfigurable antennas, reconfigurable matching, and non-Foster matching as a means for broadbanding and multibanding in LMR systems. However, past work in this area is typically not germane to this task; for example [1] is limited to the receive case and does not accommodate arbitrarily-defined antenna-transceiver interfaces including active (and, in particular, non-Foster) matching.
Section II of this paper proposes suitable methodology for this purpose. In particular, the antenna-transceiver interface is defined in the most general possible way (assuming it is linear) in terms of two-port -parameters. In Section III, the methodology is demonstrated by computing the relevant performance metrics for a thin /4 monopole designed for 453 MHz over the range 25 MHz to 900 MHz in an otherwisetypical LMR system.
II. THEORY

A. Receive System Model
In the receive case, the antenna is modeled as a voltage source in series with its self-impedance . is the voltage across the antenna terminals when open-circuited. Given an incident electric field E, is given by = E ⋅ l , where l is the vector effective length of the antenna. Assuming E is co-polarized with l and we are not concerned with the phase of , we have the simplified relationship = , where and are the magnitudes of E and l respectively. The effective length can be determined experimentally as ratio of to an applied co-polarized electric field having magnitude . Alternatively, can be computed from the transmit case by applying a test current to the antenna terminals and calculating the resulting distribution of equivalent current over the antenna;
is then the ratio of the integral of the co-polarized component of the current distribution over the antenna, to the test current.
The available power that can be delivered by the antenna into a reflectionless matched load is
where is the real part of and it is assumed that is measured in RMS volts.
It is important to account for environmental noise (i.e., noise external to the station), as it is possible in LMR systems for this to be a significant contribution to the total noise delivered to the receiver. If the signal received by the antenna is expressed in terms of an antenna temperature , the corresponding available power is given by = , where is Boltzmann's Constant (1.38 × 10 −23 J/K) and is the channel bandwidth.
depends on frequency, time, and location. However, the minimum possible value can be estimated. In the absence of man-made noise and unusual solar or atmospheric activity, is strongly dominated by Galactic background noise plus a 2.7 K contribution from the cosmic microwave background. The antenna temperature can be lower-bounded within about 2 dB by ≥ 9000
where is frequency [2] . Man-made noise can be modeled in a similar way; in fact, it is useful to know that the manmade radio noise spectrum in the LMR bands also exhibits a power-law spectral dependence with approximately the same exponent, with the primary difference being simply that the leading coefficient is greater [3] . We now consider , the power delivered to the transceiver. This is given by
where + is the voltage wave traveling into the transceiver, + is the corresponding current wave, and we continue to use RMS quantities. Assuming a real-valued transceiver input impedance , we have + = + / and thus
Now consider a situation in which the antenna is terminated directly into a load impedance equal to , and let + be defined as the voltage wave traveling into the load in this case. Then
We use this to manipulate our expression for as follows:
The factor + / + 2 can be conveniently expressed in terms of the -parameters of the antenna-transceiver interface stage; i.e., cable and other (possibly active) devices. To accomplish this, we take to be the real-valued "reference impedance" 0 with respect to which the -parameters and associated reflection coefficients are calculated. We then have:
where Γ is the voltage reflection coefficient looking into the antenna from a termination of impedance 0 ; i.e.,
In traditional LMR systems, the antenna-transceiver interface consists solely of a coaxial cable. The -parameters for a cable having characteristic impedance equal to the standard impedance 0 are 11 = 22 = 0 and 12 = 21 = − where
is length, is the attenuation constant, 0 is the frequency at which is determined, and is the velocity factor. The -parameters for more complicated interfaces -including those consisting of combinations of cables, filters, amplifiers, couplers, and so on -can be determined using well-known theory and/or measurement techniques [4] .
At this point the only noise we have accounted for is the noise contributed by the environment. Additional noise sources include thermal noise associated with ohmic loss in the antenna-transceiver interface, and noise contributed by the transceiver itself. The former can be computed using expressions reported by [5] , which can be summarized in our case as follows:
where is the ambient physical temperature of the antennatransceiver interface.
Finally, we consider the self-noise of the transceiver. This can be inferred from the specified sensitivity of the transceiver. For example, for analog FM transceivers, it is common to specify sensitivity as the power at the input which produces an audio output with a given SINAD; for example, the industrystandard TIA-603 specification is −116 dBm for 12 dB SINAD [6] . It can be shown that for the 12.5 kHz bandwidth variant of analog FM, 12 dB audio SINAD requires an RF signal-to-noise ratio of 6.5 dB (see for example Appendix A of [7] ). Thus, the noise power at the transceiver input must be −116 − 6.5 = −122.5 dBm (in 12.5 kHz) in this case. This corresponds to a noise power spectral density of about 4.5 × 10 −20 W/Hz. Similar calculations can be made of other transceivers using either specified or measured sensitivity.
The primary consideration when receiving is signal-to-noise ratio ( / ) referenced to the input of the transceiver, which is given by
where is the power of the desired signal which is delivered to the transceiver, given by Equations 7 and 1; is the power associated with environmental noise which is delivered to the transceiver, given by Equation 7 with = ; is given by Equation 10; represents the contribution beyond from active devices in the antenna-transceiver interface (if any); and is the input-referred noise power generated by the transceiver itself; e.g., 4.5 × 10 −20 W/Hz times 12.5 kHz for the analog FM example given above. Although not detailed above, can be calculated if necessary using well-known techniques for the analysis of cascaded active two-port devices.
B. Transmit System Model
In the transmit case, the antenna is modeled as an impedance and the transceiver is modeled as a source of power incident on the "2" port of the antenna-transceiver interface from an impedance 0 . Note that the meanings of all parameters in the transmit model retain the same meanings as in the receive model, including the definitions of the -parameters for the antenna-transceiver interface.
The two performance metrics of interest in the transmit case are efficiency and VSWR. The VSWR for the transceiver's input to the antenna-transceiver interface is given by
where Γ 2 , the voltage reflection coefficient looking into the the antenna-transceiver interface from the output of the transceiver, is given by
We define the transmit power efficiency as the ratio of the total power successfully delivered to the antenna; to , the power that would be delivered by the transceiver into a reflectionless matched load. The derivation is very similar to that used to obtain Equation 7, with the result:
Note that is only the power accepted by the antenna and not the power radiated by the antenna; also, in LMR systems we typically interested in performance specifically in the horizon plane. To account for these considerations, we also define the antenna-modified transmit power efficiency as times the antenna gain in the direction of the horizon. Note that is equal to the effective isotropic radiated power (EIRP) in the direction of the horizon, divided by the power that the transceiver can deliver into a reflectionless matched load.
can be computed in a number of ways. Since we require for the receive analysis, it is convenient to recycle that result to obtain an expression for . To do this, we note that the effective aperture of an antenna can be expressed in terms of , as follows:
where is the impedance of free space (≈ 377 Ω), is minus loss resistance, and the antenna's loss resistance is represented in . In terms of , we have:
where is wavelength. Combining these equations we find:
Of course, can also be obtained from an analysis or measurement of the antenna pattern.
III. EXAMPLE: A UHF-BAND QUARTER-WAVE MONOPOLE IN AN ANALOG FM LMR STATION
In this section we present an example of a simple antenna system to demonstrate the methodology. The antenna is a lossless monopole of height ℎ = 15.7 cm and radius = 1 mm, designed to have a quarter-wavelength resonance at 453 MHz, and we assume for simplicity an infinite perfectlyconducting ground plane. The antenna is connected to the transceiver through RG-58 coaxial cable having length 5.18 m (17 ft). The transceiver is assumed to be operating in an analog FM mode with bandwidth = 12.5 kHz. The antenna selfimpedance is obtained by first calculating the theoretical impedance of a dipole having length 2ℎ and radius ; in this case, using the method described in [8] . Invoking image theory, the actual value of is then taken to be one-half this value. The effective length is calculated from the ideal sinusoidal current distribution for the corresponding image dipole of length 2ℎ:
for −ℎ ≤ ≤ ℎ, as described in Section II-A. The cable is modeled as described in Section II-A with = 0.00553 m
at 0 = 10 MHz, and = 0.66 (representing RG-58 coaxial cable). The lower-bound environmental noise model described in Equation 2 is used, the assumed ambient physical temperature is = 293 K, and the assumed input-referred noise power spectral density of the transceiver is 4.5 × 10 −20 W/Hz, as suggested in Section II-A. The co-polarized incident electric field magnitude was set to achieve / = 12.5 dB at the input of the transceiver at 453 MHz, under the conditions of the system model and parameters given above. This is 6 dB greater than the minimum 6.5 dB determined in Section II-A to be required to achieve the TIA-603 sensitivity specification. The resulting value is found to be = 7.2 V/m. This value is used as the incident signal strength, independent of frequency.
The results are shown in Figures 1 ( / delivered to receiver), 2 (transmit VSWR), and 4 (transmit efficiency). Note that bandwidth for acceptable sensitivity is greater than the bandwidth for reasonable transmit VSWR, and much greater than the bandwidth over which is close to its nominal value. This explains the phenomenon, well-known among users of LMR systems, that the useful bandwidth for receiving tends to be greater than the useful bandwidth for transmitting. Figure 3 shows the desired signal power and the various noise components contributing to the / result shown in Figure 1 , individually. Note that the total noise is strongly dominated by the transceiver's self-noise, and that the noise contributed by the environment and by the cable are, in this case, relatively weak. The dip in the cable-generated noise around 453 MHz occurs because when the antenna is resonant, thermal noise from the cable can efficiently be radiated out the antenna as well as into the transceiver. Note that both the peak system / and the bandwidth over which a minimum / is achieved could be improved by reducing ; i.e., by improving the noise figure of the receiver. In fairness, it should be noted that there are significant technical barriers to doing this in practice; large among them is the tradeoff between receiver sensitivity and intermodulation performance. Further, in some environments the contribution from manmade noise can exceed that from Galactic noise by one or two orders of magnitude [3] ; in these environments the improvement resulting from reduction in receiver noise figure will be limited. Nevertheless, it is useful to be able to calculate the range of possibilities. [dBm]
Frequency [MHz] S N E N T N R Fig. 3 . Components contributing to the / result shown in Figure 1 , shown individually. 
